Abstract. Using interferometric techniques, a complex coherence image was generated from a pair of complex SAR data. Amplitude images were computed from the SAR and coherence images and subjected to Principal Components Analysis. The ® rst channel of this analysis is an image of remarkable clarity and detail, suitable for various applications. A good lithologic interpretation was realized from this single image channel alone.
Introduction
Synthetic Aperture Radar (SAR) is generally known to possess a number of advantages over visible/infrared systems. These include its all-weather, day and night image acquisition capability unhindered by cloud cover; its potential to express surface roughness prominently; and its ability to penetrate the soil in certain cases. However, unlike multi-spectral visible/infrared imagery, radar images often consist of only a single channel which is often contaminated by speckle Ð a type of grainy e ect resulting from phase variations of radar waves from unit re¯ectors within a resolution cell. This has imposed serious limitations on the interpretability of radar imagery, thereby hampering its use as an independent viable data source. Consequently, a great deal of research e ort has been devoted to integrating radar imagery with other types of data (mostly visible/infrared images of the type acquired by Landsat and SPOT) (e.g., Schistad et al. 1994, and Saint-Jean et al. 1995 ) .
Several e orts have been made by researchers to improve the visual quality and indeed the general utility of SAR imagery. To this e ect, several techniques have been developed and applied. These include multi-look processing a, Rudant et al. 1994 , speckle ® ltering (Safa and Flouzat 1989, Lee et al. 1994 b) , and textural analysis (Henebry and Kux 1995, Beauchemin et al. 1996 ) . Even these processes do not improve radar images signi® cantly.
One SAR based technique which has generated considerable interest among remote sensing scientists and users is interferometry , Zebker et al. 1994 , Gens and Van Genderen 1996 . This technique involves the use 0143± 1161/98 $12.00 Ñ 1998 Taylor & Francis Ltd of pairs of complex SAR images which contain both amplitude and phase information. It is this composite quality of the images that enables interferometry whose main product is interferogram which is also a complex image. The phase component of the interferogram (which shows the now almost familiar interferometric fringes) is the phase di erence between the input complex SAR image pair. Nevertheless, complex coherence images representing the phase correlation between the interferometric pair can also be generated from them as a by-product of this technique.
Great emphasis has thus far been laid on the applicability of interferograms. Some of the current applications include the generation of Digital Elevation Models (Zebker et al. 1994 ) , detection of terrain displacements , monitoring of ice sheet motions (Goldstein et al. 1993 ) , measuring ocean surface currents Zebker 1987, Goldstein et al. 1989 ) , and so on. On the other hand, coherence images are merely regarded as a means of verifying phase coherence. They are usually not considered as very useful images in themselves. In the few cases where the utility of the coherence image has been discussed (e.g., Wegmuller et al. 1995 ) , mostly its obvious relevance to change detection is highlighted, ignoring its other more subtle potentialities. Even when other applications have been treated, most workers have sought to interpret and extract information directly from the coherence images alone without further processing (Askne and Hagberg 1993, D'Iorio et al. 1996 ) . In this paper, we demonstrate how incredibly simple image processing operations can transform coherence images (in combination with ordinary SAR images) into formidable information-bearing images of striking geologic importance.
Study area
We are currently doing a study on the application of radar imagery to the mapping of geology, geomorphology, and risks related to active faults and associated seismic activity in the Dead Sea Rift Valley section of the major Syro-African Rift System. However, for detailed analysis, illustration, and interferometry, we have chosen, from the Jordan Valley segment of the rift, a study area measuring about 36 km (north± south) by 28 km (east± west). This area is centred approximately at latitude 32ß 06¾ N and Longitude 35ß 32¾ E between the Sea of Galilee and the Dead Sea (see ® gure 1). Figure 1 shows the geological map of the study area extracted from the 1/500 000 scale geological photomap of Israel (Bartov and Arkin 1979 ) .
The study area has a number of interesting geomorphostructural characteristics. Topographically, it is made up of three distinct levels. The top level corresponds to the regional topography and geology, with Mesozoic carbonates and clastics forming the mountainous shoulders of the rift. Below this is the rift¯oor, with alluvial fans and other deposits, as well as the Plio-Pleistocene Lisan formation comprising chalk, marl, and conglomerates. The third level is the bottom of the valley cutting through the rift¯oor. This is the¯ood plain of the present day Jordan River with typical Quaternary to Holocene deposits of alluviums and conglomerates. The Jordan River itself meanders through the third level. Another remarkable feature of the study area is that, here, north± west to west trending splays depart from the general north± south strike of the Rift and continue up to as far as the Mediterranean Sea. The morphostructural features described here can be appreciated on ® gure 2 which is a shaded relief image generated from the Digital Elevation Model (DEM) of the study area extracted from the Digital Terrain Map of Israel described in Hall (1993 ) . 
Overview of interferometric data and techniques, and coherence image generation
SAR interferometry involves the use of a pair of complex images (which contain amplitude and phase information), acquired from two close (almost repeat) orbits, to generate an interferogram. The quality of an interferogram is largely determined by the level of correlation between the two complex images used to create it. The various sources of decorrelation and possible remedies were discussed by Zebker and Villasenor (1992 ) , and Bamler and Just (1993 ) . They include thermal, spatial, and temporal decorrelations. Whereas thermal decorrelation is due to radar sensor noise, spatial decorrelation is related to the baseline, while temporal decorrelation depends on changes in the scene (which is often a function of the time interval between the acquisition of the two images). The e ect of thermal decorrelation can be reduced by modelling, and it is relatively easy to optimize spatial and temporal correlations from the user standpoint by choosing images having a convenient baseline and acquired over a short time interval.
In this study, we used a pair of Single Look Complex (SLC) images of the ERS1-SAR which is a C-band (5´66 cm wavelength), V V polarized radar operating from an altitude of 785 km with a mean look angle of 23ß . Our images were acquired on 1 and 13 January 1994 (12 day interval ) from orbits 12 877 and 13 049 respectively, and they belong to frame number 2961. The baseline component perpendicular to the look direction is 183 m. The SLC images have a pixel spacing of about 3´9 m in azimuth and 7´9 m in slant range. We used a pair of sub-images each measuring 8000 pixels in azimuth by 1000 pixels in range.
Interferometry was carried out using the ISAR software developed by the European Space Agency (ESA) in the framework of the Fringe Working Group (Coulson and Solaas 1993 ) . The procedure employs the basic principles of interferometry as described by Rabaute (1993 ), Zebker et al. (1994 ) , Vachon et al. (1995 ) , and Gens and Van Genderen (1996 ) , among others. An interferogram is computed from a coregistered pair of complex SAR images as follows:
( 1) where p (x, y) represents the complex interferogram value at pixel (x, y), z1(x, y) is the complex value at pixel (x, y) of one SAR image, z * 2 (x, y) is the complex conjugate of the corresponding pixel (x, y) value of the other image.
Coherence, which is a measure of phase correlation, is de® ned as the correlation coe cient:
where g(x, y) is the value of coherence at pixel (x, y), z1(x, y) and z2 (x, y) are as de® ned above, while E [ ] designates mathematical expectation. In practice, coherence is computed from:
where 7 8 denotes spatial averaging over a processing window centred on pixel (x, y); and the other parameters are as previously de® ned. In this work, both the interferogram and coherence were generated and averaged 10 pixels in azimuth and 2 pixels in range to produce 10-look images representing ground elements measuring about 50 m Ö 50 m Rabaute 1993, Zebker et al. 1994 ) . We also performed the same operation on the SLC images to bring them to the same resolution to facilitate the subsequent combined image processing.
Image processing
Like the original SLC data, both the interferogram and the coherence are complex images. Each can be decomposed into its amplitude and phase components. Usually, it is these components that are used for intelligible visual displays: the phase component for the interferogram and the amplitude component for others (SLC and coherence) .
We computed the amplitude images of the SLC and coherence, and applied a linear contrast stretch to each of them. The amplitude of the SLC data is what is generally known as the SAR image; thus, henceforth, we shall simply refer to it as the SAR image. Similarly, the amplitude of the coherence will be referred to as coherence image. We performed several simple multi-band image processing operations (including image arithmetic, ® ltering, and image transformations) using the SAR and the coherence images, and obtained di erent results that range from poor to good, based on visual assessment. One of the main operations performed was the Principal Components Analysis (PCA) between one of the SAR images and the Coherence image. The ® rst channel of this analysis (which we shall call PCA1SC: denoting PCA channel 1 between the SAR and Coherence images) is quite impressive. This is the main result presented here. The PCA was performed using the PCI image processing software package, though it is possible with most other similar packages. It is pertinent to mention that the ® rst channel of a PCA operation (such as the PCA1SC) expresses the combined maximum variability between the input images (Mather 1987, p. 208) . This is because PCA is a statistical transformation which rotates the axes of a multi-dimensional image space (as represented in a multi-band scatterplot ) in such a way that they lie in the direction of maximum data variance (i.e. pixel values are expressed with respect to the principal axes of the ellipse or ellipsoid enclosing the scatter of points instead of the original axes representing the individual bands) . Thus, the ® rst principal component (in our case the PCA1SC) represents the longest of the new axes and contains the largest amount of variability information from the input channels (which in this case are the SAR and coherence images).
After the various image processing stages, all the images presented in this work were geocoded and registered to the DEM which is itself tied to the ground coordinate system. This is to enable detailed comparative analysis. Figures 3, 4 , and 5 show respectively the geocoded SAR image, coherence image, and PCA1SC.
Analysis of result
We shall evaluate the result of this work (the PCA1SC shown in ® gure 5) by comparing it with the SAR and coherence images (® gures 3 and 4) as well as a Landsat-TM false-colour composite (RGB=bands 4-3-2 ) shown in ® gure 6. From the geological point of view, the PCA1SC (® gure 5) seems to possess all the advantages derivable from all the other images put together, and at the same time appears to be free of their disadvantages. Like the SAR image (® gure 3), it portrays surface morphology prominently, but in a more natural form (almost like the relief shaded DEM in ® gure 2 ). For instance, the layover areas appear dark rather than bright, thereby making the PCA1SC look more intelligible even to the non specialist. However, this reverse tonal e ect is not a peculiar outcome of the PCA process, as it can also result from a negative of the SAR image. Another appreciable attribute of the PCA1SC is that, unlike the SAR image and like the Landsat-TM (® gure 6), it expresses vegetated areas very clearly, and in fact, they are almost as well expressed To demonstrate the geological utility of the PCA1SC image in real terms, we performed a manual interpretation and delineation of lithological boundaries on it. The result of our interpretation process is shown in ® gure 7. The topomorphologic levels described in § 2 are clearly distinguishable, and the letters A, B, and C have Figure 4 . Geocoded (10-look) amplitude image generated from the complex coherence image. been used to designate the top, middle, and bottom levels respectively, while the numeric su xes (1, 2, 3 , ...) are used to identify the di erent units in each level. The rift shoulders were previously well mapped, so, we have had no need to do a detailed interpretation here. However, within the area covered by our images each shoulder has a more-or-less homogeneous lithology, and we have designated the West and East sides by A1 and A2 respectively. We concentrated on the rift¯oor (level B) whose original lithological mapping was relatively poor. The attention of the reader is drawn to the lithological diversity expressed here. Not only is the Lisan formation (B2) which appears in bright tones in clear contrast with the dark-toned vegetated/agricultural alluvial area (B1 ), but also we have been able to distinguish ® ve categories, which is a great improvement in comparison with the geological map of the area (® gure 1) which shows only two units (Q and Q4) in this rift¯oor. It is pertinent perhaps to review the probable reasons why the PCA1SC possesses the above attributes. It is a well known fact that the terrain factors which in¯uence the intensity of radar returns include surface roughness, orientation, and dielectric Figure 6 . Landsat-TM false-colour composite (with bands 2, 3, and 4 assigned to blue, green, and red colours respectively).
constant (which itself increases with the moisture content of the material ). These characteristics concern the morphology of the surface (including its microtopography) as well as the landcover type and geometric properties. If we consider vegetation cover, for instance, its height, type (branching structure) , and state (active or dry) re¯ects in the image intensity. On the other hand, the main terrain factor in¯uencing the intensity of coherence images consists basically of changes in the surface during the time interval separating the acquisition of the two images constituting the interferometric pair. Therefore, the PCA1SC integrates information related to surface roughness, orientation, cover, moisture content, and change factor over time; all of which are indicators of lithologic di erences. By comparison, visible/infrared systems, such as Landsat, sense mainly the spectral characteristics (colours, so to speak) of the surface and surface cover. Thus, for instance, the expression of vegetation cover is dominated mostly by its greenness (i.e., chlorophyll content ), while its geometric properties have little or no in¯uence. Although, visible/infrared images in certain cases express lithologic di erences quite well, the advantage of the PCA1SC emanates from the fact that it uses a di erent but larger set of variables. Moreover, unlike the Landsat-TM image, the PCA1SC is not cluttered with spectral details, such as roads and other features, which sometimes hinder geological interpretation. In addition to the above stated advantages, the PCA1SC also appears to be potentially well disposed ( better than the SAR and coherence images considered individually) to such digital techniques as textural analysis, segmentation, and feature extraction. We will be working along these lines shortly.
Conclusion
Valuable results have been achieved by applying such a simple process as Principal Components Analysis to datasets of such modest visual quality as coherence and SAR images. This is inspite of the fact that coherence images have often been treated with little importance, and that Principal Components Analysis is one of the simplest and most common image processing techniques available. Thus, we have been able to show that coherence images harbour a great deal of potential for improving the quality of SAR images for a number of useful (notably geological ) applications. However, the main inconvenience of this process is that coherence images cannot be obtained without going through the rigours of selecting and procuring interferometric pairs (meeting strict baseline, time interval, and view angle requirements), and performing interferometry. Nevertheless, the main attraction of the result of this work lies in the fact that it symbolizes a simple approach to recycling coherence images which have until recently been regarded almost as a waste by-product of interferometry.
It is very encouraging that SAR and its two main interferometric products (interferogram and coherence) can be of vital use. It has been a well known fact that amplitude SAR images provide a variety of information related to surface characteristics, interferograms provide elevation and ground displacement information, and coherence images contain surface change information. Based on the result of this work, it is now obvious that the synergy of the coherence and SAR images can enhance the expression of lithologic di erences. The main signi® cance of this is that areas where the acquisition of visible/infrared images is problematic, such as cloud covered tropical areas, can now be mapped both topographically and geologically using SAR imagery and limited supplementary data. We are therefore approaching an era of fewer limitations on mapping from space (globally speaking) , thanks to information obtainable from SAR.
